When 3T6 cells are con¯uent, they withdraw from the cell cycle. Concomitant with cell cycle arrest a signi®cant reduction in RNA polymerase I transcription (80% decrease at 100% con¯uence) is observed. In the present study, we examined mechanism(s) through which transcription of the ribosomal genes is coupled to cell cycle arrest induced by cell density. Interestingly with an increase in cell density (from 3 ± 43% con¯uence), a signi®cant accumulation in the cellular content of hyperphosphorylated Rb was observed. As cell density increased further, the hypophosphorylated form of Rb became predominant and accumulated in the nucleoli. Co-immunoprecipitation experiments demonstrated there was also a signi®cant rise in the amount of hypophosphorylated Rb associated with the rDNA transcription factor UBF. This increased interaction between Rb and UBF correlated with the reduced rate of rDNA transcription. Furthermore, overexpression of recombinant Rb inhibited UBF-dependent activation of transcription from a cotransfected rDNA reporter in either con¯uent or exponential cells. The amounts or activities of the rDNA transcription components we examined did not signi®cantly change with cell cycle arrest. Although the content of PAF53, a polymerase associated factor, was altered marginally (decreased 38%), the time course and magnitude of the decrease did not correlate with the reduced rate of rDNA transcription. The results presented support a model wherein regulation of the binding of UBF to Rb and, perhaps the cellular content of PAF53, are components of the mechanism through which cell cycle and rDNA transcription are linked.
Introduction
Cell proliferation is a highly regulated process which is maintained by multiple check points and responses to a number of dierent stimuli. Studies in yeast have demonstrated that if the daughter cells are to grow normally, they must receive a full complement of ribosomes from the parental cell (see Paule, 1994 for review). Subsequently, dividing cells require a higher rate of ribosome biogenesis than nondividing cells. In the majority of cells, regulation of ribosome biogenesis is achieved by altering ribosomal RNA (rRNA) synthesis (Paule, 1994; Moss and Stefanovsky, 1995) . The requirement for a high rate of ribosome biogenesis is abrogated, or signi®cantly reduced, when cells leave the cell cycle, e.g. during contact inhibition in culture or terminal dierentiation (Pardee, 1989) . Previous studies have examined regulation of rDNA transcription during cell cycle arrest in response to a variety of conditions such as nutrition deprivation and dierentiation. However no studies have focused on the more physiological condition of cell con¯uence induced cell cycle arrest. Moreover, none of these studies rigorously examined the mechanisms by which rDNA transcription was being regulated. A more comprehensive understanding of the regulation of contact inhibition requires elucidation of the mechanism(s) through which ribosome biogenesis is coupled to cell cycle progression.
rRNA synthesis involves transcription of the 45S rRNA genes (rDNA) that encode the 45S precursor of the 18S, 5.8S and 28S rRNAs by RNA polymerase I, and transcription of the 5S RNA genes by RNA polymerase III. In dividing cells, rDNA transcription constitutes approximately 40 ± 60% of total nuclear RNA synthesis. Thus, even a relatively small change in rDNA transcription may constitute a large change in the RNA synthetic capacity of the cell Hannan et al., 1998a) . Studies indicate that rDNA transcription can be regulated by multiple mechanisms. For example, the ability of RNA polymerase I to speci®cally initiate transcription may be regulated by its component subunits or associated factors. One of these, TFIC, is a factor found closely associated with RNA polymerase I and may be involved in acute regulation of rDNA transcription in response to serum deprivation (Schnapp et al., 1993) or hormones (Mahajan and Thompson, 1990) . Another potential regulatory factor is PAF53, a protein that has been shown to copurify with RNA polymerase I (Hanada et al., 1996; Hannan et al., 1998b) . The amount of PAF53 associated with RNA polymerase I is reduced when rDNA transcription is inhibited in response to serum deprivation (Hanada et al., 1996) , and we have shown that the cell content of PAF53 decreases in response to serum starvation and increases in response to insulin or serum refeeding (Hannan et al., 1999a) . There are at least two known transcription factors required for ecient transcription initiation by RNA polymerase I, SL-1 and UBF. SL-1 is absolutely required for rDNA gene transcription in vitro (Mishima et al., 1982; Miesfeld and Arnheim, 1984; Learned et al., 1985; Smith et al., 1993) . Recent publications suggest that SL-1 activity may be regulated by the phosphorylation state of two of its subunits TBP and TAF 1 110 (Heix et al., 1998; Kihm et al., 1998) . UBF is not required for speci®c initiation on the rDNA promoter in vitro, although its addition to UBF-depleted extracts increases the eciency of transcription in a dose dependent manner . Puri®ed UBF consists of two polypeptides UBF1 (97 kD) and UBF2 (94 kD). UBF1 has been shown to activate rDNA gene transcription in vitro (Smith et al., 1990; O'Mahony and Rothblum, 1991; Paule 1994; Moss and Stefanovsky, 1995; Kuhn et al., 1994) and in vivo (Hannan et al., 1996a (Hannan et al., , 1999b . Interestingly, UBF has been shown to interact with SL-1, the A/B pocket of the retinoblastoma protein, and several subunits of RNA polymerase I (Schnapp et al., 1994; Beckman et al., 1995; Cavanaugh et al., 1995; Hanada et al., 1996; Hempel et al., 1996) .
Recent publications demonstrate that the retinoblastoma gene product, Rb can regulate rDNA transcription (Cavanaugh et al., 1995; Voit et al., 1997) . Rb is a tumor suppresser and negative growth regulator. It is a 110 kDa nuclear phosphoprotein and its activity is inversely related to its degree of phosphorylation (Nevins, 1992) . Rb has been shown to regulate cell cycle progression at a speci®c G 1 checkpoint (Goodrich et al., 1991; Cobrinik et al., 1992) . During the G 1 phase of the cell cycle, Rb is hypophosphorylated and part of its role is to inhibit transcription of genes required for DNA synthesis. In late G 1 /early S phase, Rb becomes hyperphosphorylated permitting entry into S phase and continuation through the cell cycle (Hamel et al., 1992; Mihara et al., 1989) . Cavanaugh et al. (1995) demonstrated that in dierentiated U937 cells Rb sequesters UBF into an inactive complex and thus reduces UBF-mediated activation of rDNA transcription.
The activity of UBF has also been shown to be regulated by: (1) phosphorylation-UBF is a phosphoprotein and is more active when hyperphosphorylated (O'Mahony et al., 1992; Voit et al., 1992; Luyken et al., 1995) ; and (2) amount ± the increased rDNA transcription that occurs during a-adrenergic agonistinduced hypertrophy of cultured neonatal cardiomyocytes is associated with increased UBF protein content . In addition, the overexpression of UBF1 in cardiomyocytes or immortalized ®broblasts drives transcription from an rDNA promoter reporter (Hannan et al., 1996a (Hannan et al., , 1999b .
The purpose of the present study was to determine if rDNA transcription was altered when 3T6 cells are cell cycle arrested in response to an increase in cell con¯uence and to examine the mechanism(s) through which the regulation may be accomplished. When 3T6 cells arrest, rDNA transcription was signi®cantly reduced. However, we did not observe signi®cant alterations in: (1) the cellular content of either RNA polymerase I or UBF; and (2) TFIC activity. Although the cellular content of PAF53 was decreased modestly (38%), this does not appear to account fully for the reduced rate of rDNA transcription. With cell cycle arrest we did observe: (1) a substantial accumulation of hypophosphorylated (active) Rb; (2) localization of Rb to the nucleolus, and (3) an increase in the amount of hypophosphorylated Rb associated with UBF. In addition, overexpression of Rb inhibited UBF-dependent activation of transcription from an rDNA reporter when cells were cotransfected with plasmids driving expression of Rb and UBF. The results support a model wherein regulation of the binding of UBF to Rb is a major component of the mechanism through which rDNA transcription is down regulated in con¯uence-induced cell cycle arrested 3T6 cells.
Results

Increase in cell confluence induces cell cycle arrest at G 1 phase
To determine if 3T6 cells would arrest in the cell cycle in response to high density 3T6 cells were plated and harvested at 24 h intervals for 6 days as described in Materials and methods and cell number determined. The results presented in Figure 1a demonstrate that 3T6 cells were proliferating exponentially up to 72 h after plating, after which the proliferation rate began to decline. After 120 h, there were *10 7 cells per 100 mm plate (Figure 1a) , and the cell number did not increase further with time in culture. The inhibition of cell proliferation at *10 7 cells per plate implies that the cells were contact inhibited and arresting. Cell cycle arrest was con®rmed by FACS analysis which demonstrated that when the cells were 90% con¯uent there was an accumulation of diploid cells and a decrease in the number of cells in S and G 2 /M, thus the cells were arresting/accumulating in G1 phase ( Figure  1b) . Therefore, for subsequent experiments, 10 7 cells per plate is referred to as 100% con¯uence.
To complement the results of the FACS analysis we examined the cellular levels of the cell cycle-dependent cyclins A, B 1 , D 3 , and E ( Figure 1c ) (Scherr, 1993; Doree and Galas, 1994) . Western blots demonstrated that the amounts of the nuclear cyclins A, D 3 and E decreased with an increase in cell con¯uence. Reduced levels of cyclins D 3 , A and E suggests the cells were not progressing from G 1 to S phase. The reduction in cyclin B 1 suggests that only a small percentage of the cells could be in G 2 phase. These results con®rm the FACS analysis that the cells are arresting in G 1 .
Cell cycle arrest inhibits rDNA transcription
While it has been demonstrated that serum-starvation of cycling cells results in both growth arrest and the inhibition of rDNA transcription (Mauck and Green, 1973; O'Mahony et al., 1992; Paule, 1994 and references therein), the state of rDNA transcription in contact inhibited con¯uent cells has not been examined. One would predict that concomitant with con¯uence-induced cell cycle arrest the requirement for cells to provide daughter cells with a full complement of ribosomes would be severely diminished. This would reduce the`need' for rDNA transcription. In order to examine this hypothesis, nuclei were isolated from cells at various stages of con¯uence and nuclear run-on assays were used to measure rDNA transcription. The autoradiograph of a typical assay (presented as an insert in Figure 2 ) demonstrates a decrease in the rate of rDNA transcription (as indicated by the reduction in hybridization signal) in association with an increase in cell density. Duplicate samples were hybridized to a cDNA encoding GAPDH as an internal control for recovery and load (no changes were observed in the levels of GAPDH transcription; data not shown). The speci®city of hybridization in these experiments was veri®ed by a lack of hybridization to Bluescript plasmid DNA (results not shown). The results from at least six experiments were quantitated and are presented graphically in Figure 2 . By 72 h (43% con¯uence), rDNA transcription had decreased 30% compared to control, the value obtained from nuclei isolated from cells at 4% con¯uence. When the cells were 100% con¯uent, rDNA transcription was reduced by 80%. The decrease in rDNA transcription at 43% con¯uence correlates with the plateau of the cell proliferation rate illustrated in Figure 1a . These results demonstrate a correlation between con¯uence-induced cell cycle arrest and the reduction of rDNA transcription.
Identification of the mechanism by which confluenceinduced cell cycle arrest inhibits rDNA transcription RNA polymerase I content As an initial step toward characterizing the mechanism(s) through which rDNA transcription is inhibited in con¯uent cells, we measured the content of RNA polymerase I in nuclei isolated from 3T6 cells at dierent stages of cell density. The nuclear content of RNA polymerase I was determined using Western blot analysis and antibodies against the b' (RPA194) and b (RPA127) subunits of the protein (Hannan et al., 1998b) . A typical Western blot is presented in the insert of Figure 3a . The results from a number of experiments were quantitated by laser densitometry and are presented graphically in Figure 3a . In contrast to the cyclin levels, Western blot analysis of the b or b' subunit of RNA polymerase I demonstrated no Cells at either 20 and 90% con¯uence were harvested and analysed on a Becton Dickinson FACScan analyzer as described in Materials and methods. Twenty-®ve thousand events were modeled for each assay, and debris was less than 0.1%. (c) Nuclei were isolated from cells at the per cent con¯uence indicated. Nuclear proteins were fractionated by SDS ± PAGE, transferred to Immobilon-P membranes that were subsequently incubated with the indicated antibodies. The immunoreactive proteins were visualized by ECL as described in the Materials and methods. Equal amounts of nuclear protein (1.2 mg) were loaded per lane. The experiments were repeated a number of times, and the results were quantitated by laser densitometry. The results are expressed relative to control. The signals obtained from the nuclear extracts of cells at 4% con¯uence was assigned the control value. Each point represents the mean+s.d. (n53) Figure 2 Cell cycle arrest inhibits rDNA transcription. Nuclei were harvested at the percentage of con¯uence indicated. rDNA transcription was measured by nuclear run-on assays as described under Materials and methods. The resultant 32 P-labeled run-on transcripts were hybridized to a fragment of the mouse rDNA repeat, and the hybrids were visualized with a Molecular Dynamics PhosphorImager. The results from repeated experiments were quantitated and plotted relative to control. The signal obtained from the cells at 4% con¯uence was assigned the control value. Each point represents the mean+s.d. (n=6) signi®cant change in the content of either subunit as cell density increased. Assuming that the b or b' subunits are an accurate measure of the totality of the RNA polymerase I molecules, these results suggest that changes in amount of RNA polymerase I cannot account for the decreased rDNA transcription associated with an increase in cell density. Hanada et al. (1996) reported that when NIH3T3 cells were serum-starved, the nuclear content of PAF53 decreased. Western blots were used to determine the cellular and nuclear content of PAF53 (Figure 3b ). These experiments demonstrate a 35% decrease in the content of PAF53 as cell density increased. The decrease was the same if the PAF53 content of whole cell extracts was measured (data not shown).
PAF53 content
TFIC activity The eorts of several laboratories have led to a consensus that growth-dependent¯uctuations of RNA polymerase I transcriptional activity are mediated by a heat stable factor which is required for transcription initiation. This factor is referred to as either TFIC, TIF-IA, or Factor C*, depending on the laboratory (Cavanaugh et al., 1984; Mahajan and Thompson, 1990; Schnapp et al., 1990; Brun et al., 1994) . TFIC has been reported to be tightly associated with RNA polymerase I, but to have no intrinsic polymerase or kinase activity of its own. The assay for TFIC is a functional assay. Extracts de®cient in TFIC, i.e. extracts from cells treated with dexamethasone, are supplemented with heat-treated extracts from either untreated, control cells or from con¯uent cells. If the heat-treated extracts contain functional TFIC, then the otherwise inactive extracts are`rescued' and can support transcription.
As shown in Figure 3c , lane 3, heat-treated extracts from exponentially growing 3T6 cells complemented extracts from dexamethasone treated P1798 cells. In contrast, extracts from serum-starved cells could not complement the extract from dexamethasone treated cells (lane 5). This result is consistent with the observations that either serum starvation or treatment of P1798 cells with dexamethasone reduces the activity of TFIC in the cells (Cavanaugh et al., 1984; Mahajan and Thompson 1990) , and establishes the reproducibility of the TFIC assay. When we compared the TFIC activity of heat-treated extracts from con¯uent 3T6 cells, we found that they contained the same activity as did the exponentially growing cells (compare the transcripts displayed in lanes 4 and 3). Thus, the decreased rDNA transcription associated with con¯uence can not be ascribed to a change in TFIC activity. In addition this result demonstrates that the inhibition of rDNA transcription associated with cell con¯uence induced cell cycle arrest diers from that induced by nutrient deprivation.
UBF content and phosphorylation In many cell lines, the amount of the transcription factor UBF is proportional to the rate of rDNA transcription (Larson et al., 1993; Hannan et al., , 1996b . In addition, overexpression of UBF is sucient to increase rDNA transcription from a co-transfected rDNA reporter construct (Hannan et al., 1996a, Figure 3 Cell cycle arrest is associated with minimal changes in RNA polymerase I content, PAF53 content, and TFIC activity. (a/b) Nuclei were harvested from cells at the indicated stages of con¯uence, and fractionated by SDS ± PAGE. After transfer to Immobilon-P membrane and incubation with either anti-rPolIb (RPA114) or anti-rPolIb' (RPA194) antisera (a) or PAF53 (b), the immunoreactive proteins were visualized by ECL and quantitated by densitometry. Equal amounts of nuclear protein (1.2 mg) were loaded per lane. The results are expressed relative to control, i.e. the signal obtained from the cells at 13% con¯uence or 4% respectively, and represent the mean+s.d. (n53). (c) S100 extracts were prepared from P1798 cells (CTL) and 3T6 cells at the indicated stages of con¯uence as well as from serum-starved cells (SS). The various 3T6 cell S100 extracts (110 mg) were heat treated (458C, 15 min.) and added to a S100 extract from dexamethasone treated P1798 cells (S100Dex) in a RNA polymerase I speci®c transcription assay as described in Materials and methods. After denaturing gel electrophoresis, the radioactive transcripts were visualized with a Molecular Dynamics PhosphorImager 1999b). These ®ndings led us to examine whether or not cell cycle arrest mediated reduction in rDNA transcription correlated with a decrease in the amount of nuclear UBF. Western blots of nuclear extracts were probed with an anti-UBF antibody that recognizes both UBF 1 and 2. As illustrated in Figure 4 , there was no signi®cant change in the amount of UBF with an increase in cell density. Similar results were obtained when the UBF levels were measured in whole cell extracts (data not shown).
The activity of UBF can also be regulated by altering its degree of phosphorylation (O'Mahony et al., 1992; Voit et al., 1992; Luyken et al., 1995) . In order to examine this, cells at dierent densities were grown in the presence of [ 32 P]orthophosphate, and UBF was isolated by immunoprecipitation from whole cell lysates. The immunoprecipitates were fractionated by SDS ± PAGE and analysed by autoradiography. There were no signi®cant quantitative changes in the phosphorylation of UBF with cell density (results not shown). Together these results suggest that down regulation of rDNA transcription with increasing cell density was not due to changes in the activity of UBF.
Rb content is elevated while Rb phosphorylation is reduced as cells withdraw from the cell cycle Rb plays a role in regulating the progression of cells through the cell cycle and may also play a role in the regulation of rDNA transcription. For example, during dierentiation of U937 cells, Rb was shown to bind UBF via the Rb pocket (Cavanaugh et al., 1995) and this association correlated with a decrease in rDNA transcription. Thus, we hypothesized that Rb might play a role in inhibiting rDNA transcription in association with con¯uence-induced cell cycle arrest of 3T6 cells. We ®rst examined the content of Rb with an increase in cell density. Western blots of total nuclear protein from cells at dierent stages of con¯uence were probed with an antibody to Rb (Figure 5a presents the data obtained using nuclear proteins). Hyperphosphorylated Rb (the form of Rb with reduced electrophoretic mobility) accumulated as cell density increased from 3 ± 43% con¯uence. As cell density continued to increase, the hypophosphorylated form of Rb (thè fastmoving' form) became predominant. For greater clarity, the relative mobilities of the dierent forms of Rb that predominated in cells at 13 and 100% con¯uent are illustrated in Figure 5b .
Rb colocalizes with UBF in con¯uent cells
We have previously noted an accumulation of Rb in the nucleoli of dierentiating U937 cells. However, it is not clear if this is a unique situation or a more commonly occurring event. Further, we reported that Rb interacts with UBF (Cavanaugh et al., 1995) and that upon binding to UBF Rb may inactivate it. These observations suggested that the two proteins might colocalize. Thus, we determined if Rb colocalized with UBF during G 1 arrest induced by con¯uence. These experiments were carried out using human diploid ®broblasts (WI 38) and not mouse 3T6 cells as the anti-Rb antibody used was raised against human Rb and reacts more strongly with the human antigen. In addition, similar to the 3T6 cells, we routinely observe ) as indicated by the increase in electrophoretic mobility (Hamel et al., 1992) strong G 1 arrest by con¯uence (85 ± 95% G 1 ) in WI 38 cells (data not shown). Subcon¯uent (50% con¯uence) and con¯uent (100%) populations were harvested for immuno¯uorescence. When subcon¯uent cells were stained for Rb, we found that only a small amount of Rb localized to the nucleolus (Figure 6a,c,e) . However, a signi®cant fraction of nuclear Rb localizes to nucleolar regions upon cell cycle arrest induced by con¯uence (Figure 6b ). This nucleolar Rb appears to be colocalized with UBF as demonstrated by the pseudo-yellow staining in Figure 6b , and by the colocalization of the green (UBF) and red (Rb) staining in Figure 6d ,f. The vast majority of con¯uent cells (490%) display this nucleolar pattern. Interestingly, some nucleoli appear to contain less Rb, relative to their UBF content, than others. This may explain why rDNA transcription is still 20% active at con¯uence. Overall these results demonstrate that the Rb colocalizes in the nucleoli with UBF during cell cycle arrest.
The amount of Rb co-precipitating with UBF increases concomitant with an increase in cell density We next examined if the colocalization of Rb and UBF represented an interaction between the two proteins and whether or not this changed as the cells arrested. Nuclear extracts, prepared from 3T6 cells at either 13 or 100% con¯uence, were incubated with anti-UBF antibody bound to Protein-A agarose beads. The beads were then washed, boiled in sample buer, the bound proteins were fractionated by SDS ± PAGE and electrophoretically transferred to Immobilon-P. The presence of UBF and Rb in the immunoprecipitates were demonstrated by probing the ®lters with antibodies speci®c to UBF and Rb. As expected, UBF was precipitated with anti-UBF antibody using extracts from both 13 and 100% con¯uence cells (Figure 7a;  lanes 3 and 4) . However, Rb only co-precipitated with UBF in extracts derived from cells at 100% con¯uence (lane 4). Although there was less Rb in the extracts from the cells at 13% con¯uence, there was enough in the starting extracts (lanes 1 and 2) to detect in the immunoprecipitate if a signi®cant amount had been complexed with UBF. Neither UBF nor Rb was present in the precipitates obtained with preimmune Figure 6 Rb colocalizes with UBF in the nucleolus during cell cycle arrest. The immunolocalization of UBF and Rb was carried out in subcon¯uent (a, c, and e) and con¯uent (b, d, and f) WI38 cells as described in Materials and methods. The deconvoluted images (a and b) were converted to RGB images (c ± f) and the green (UBF) and red (Rb) channels for each image are presented separately Figure 7 Hypophosphorylated Rb co-immunoprecipitates with UBF during cell cycle arrest. (a) Nuclear extracts were prepared from cells that were either 13% (lanes 1, 3 and 5) or 100% con¯uent (lanes 2, 4 and 6). For immunoprecipitation, the precleared extracts were incubated with either anti-UBF IgG coupled to protein-A agarose (lanes 3 and 4) or preimmune IgG coupled to protein-A agarose (lanes 5 and 6), as described in Materials and methods. The beads were then washed. The proteins that had bound to the beads were eluted by boiling in Laemmli sample buer. The starting extract (lanes 1 and 2) and the immunoprecipitates were fractionated by SDS ± PAGE and blotted to Immobilon-P. Duplicate gels were analysed using speci®c antibodies to UBF and Rb. (b) Nuclear extracts were subjected to immunoprecipitation using the indicated anti-Rb or anti-UBF antibodies as described in Materials and methods. The immunoprecipitates were then fractionated by SDS ± PAGE, transferred to Immobilon-P and Rb was visualized following incubation of the membranes with an anti-Rb antibody that recognizes all forms of Rb IgG (lanes 5 and 6) . The results demonstrate that there is increased association of UBF and Rb as cell density increased.
We then determined the phosphorylation state of the Rb bound to UBF. The hyperphosphorylated and hypophosphorylated forms of Rb were precipitated using antibodies that preferentially recognize hyper-or hypophosphorylated Rb. The immunoprecipitates were fractionated by SDS ± PAGE in parallel with a sample immunoprecipitated with anti-UBF antibody. The fractionated proteins were transferred to Immobilon P and the blot was probed with an antibody that recognizes all phosphorylation states of Rb. The Rb that co-immunoprecipitated with UBF comigrated with the hypophosphorylated (fast moving) form of Rb (compare lanes 1 and 3, Figure 7b) .
The colocalization data demonstrate that the coimmunoprecipitation experiments (Figure 7) do not re¯ect the adventitious association of Rb and UBF in the nuclear extracts. Together the colocalization experiment ( Figure 6 ) and immunoprecipitation experiments ( Figure 7 ) provide independent evidence, using two cell lines, that Rb associates with UBF in the nucleolus during cell cycle arrest.
Overexpression of Rb blocks the UBF-dependent activation of rDNA transcription Rb would appear to regulate rDNA transcription, i.e. UBF activates rDNA transcription and Rb blocks this activation. We demonstrated that Rb can block the activation of rDNA transcription by UBF in vitro (Cavanaugh et al., 1995) , but did not have a suitable system for examining this question in vivo. We recently modi®ed the rDNA reporter system ®rst demonstrated by Palmer et al. (1993) and showed that overexpression of recombinant UBF1 was sucient to drive transcription from a co-transfected wild-type rDNA reporter (pSMECAT), but not from an inactive rDNA reporter (pSMECAT-7) in intact cells (Hannan et al., 1996a) . We have used this system in the present study to determine if Rb could block the eect of UBF on transcription in vivo.
As shown in Figure 8a , cotransfection of exponentially growing 3T6 cells with 1 mg of the pSMECAT and 1 mg of a UBF expression vector (pCDNA3UBF1) elevated transcription from pSMECAT (compare lanes 3 and 4). As expected, the overexpression of UBF1 had no eect on transcription from pSMECAT-7, the inactive rDNA reporter with a G to A substitution at 77 (compare lanes 1 and 2). Similar results were obtained using con¯uent 3T6 cell cultures (data not shown). Thus, in 3T6 cells, as in primary cultures of cardiomyocytes (Hannan et al., 1996a (Hannan et al., , 1999b , the overexpression of UBF1 drives rDNA expression. When 3T6 cells were co-transfected with pSMECAT, pCDNA3UBF1, and increasing amounts of pmRb (a vector which drives the expression of mouse Rb) the UBF-dependent activation of rDNA transcription was abolished (lanes 4 ± 7). Moreover cotransfection of 3T6 cells with pmRb and pSMECAT inhibited rDNA transcription as compared to basal levels (compare lanes 3 and 8) suggesting that pmRb can inhibit endogenous UBF activation of pSMECAT. The results from a number of similar, but independent experiments, are summarized in Figure 8b . Figure 8c is a Western blot demonstrating that the Rb accumulation When indicated (+) the cells were cotransfected with 1 mg of pCDNA3UBF1 and/or 0.5 mg, 1.0 mg, or 2 mg of pmRb. All transfections were performed using lipofectamine as described in Materials and methods. After 24 h, cell lysates were prepared and assayed for CAT activity. (b) The results of the CAT assay were adjusted for the eciency of transfection, i.e. b-galactosidase activity, and are presented as the average fold increase (mean+s.d.; n=3) relative to the normalized CAT activity present in cells transfected with pSMECAT alone. (c) Transfection of 3T6 cells with increasing amounts of pmRb leads to the accumulation of Rb protein. Twenty-four hours after 3T6 cells were transfected with increasing amounts of pmRb, cell lysates were prepared, fractionated by SDS ± PAGE, transferred to Immobilon-P, and the levels of Rb determined by Western analysis with an antibody that detects all forms of Rb is proportional to the amount of pmRb used in the transfection experiments.
Discussion
In the present study we utilized cell con¯uence-induced cell cycle arrest of 3T6 cells to examine the link between rDNA transcription and regulation of the cell cycle. Our results demonstrate quite clearly that rDNA transcription is regulated dierently depending on the stimuli evoking cell cycle arrest. Previous studies reported regulation of rDNA transcription during cell cycle arrest in response to various conditions such as nutritional deprivation, and stimuli that induced dierentiation and/or apoptosis (Cavanaugh et al., 1984 (Cavanaugh et al., , 1995 Mahajan and Thompson, 1990; O'Mahony et al., 1992; Larson et al., 1993; Paule, 1994; Moss and Stefanovsky, 1995) . Under these conditions altering TFIC activity was attributed to be the major regulatory mechanism. Our results demonstrate that as 3T6 cells withdraw from the cell cycle there was a marked reduction in ribosomal gene transcription. Importantly we show that the reduction in rDNA transcription correlates with a signi®cant increase in hypophosphorylated Rb which localizes in the nucleolus and associates with UBF. In addition we demonstrate in vivo that Rb can reduce UBF-mediated activation of rDNA transcription in both exponentially growing and con¯uent cells. This demonstrates that Rb has a direct eect on rDNA transcription which is independent of cell cycle arrest.
These results extend the observation that the decreased rDNA transcription induced by dierentiation in U397 cells could be attributed to either a direct or indirect association of UBF with Rb (Cavanaugh et al., 1995) . However, the previous study could not distinguish between the possibilities that the association of Rb and UBF was a consequence of cell cycle arrest or dierentiation. The results of our study support the conclusion that the association of Rb with UBF is a consequence of cell cycle arrest and an important part of the mechanism through which cells regulate rDNA transcription during quiescence.
The ®nding that there is an increased association of Rb with UBF does not obviate other possible mechanisms through which rDNA transcription may be down-regulated when 3T6 cells withdraw from the cell cycle. However, we did not observe any change in the amounts of the two largest RNA polymerase I subunits with increased cell density. Assuming that the amounts of these subunits are indicative of the remainder of the core enzyme subunits, then we cannot attribute the decreased rDNA transcription to a change in the cellular content of RNA polymerase I.
Since the amount of RNA polymerase I does not change, then one must consider the possibility that the reduction in rDNA transcription might be associated with qualitative changes in RNA polymerase I or other rDNA transcription factors. For example, the inactivation of TFIC (which may be the same as TIF-IA or Factor C*), a RNA polymerase I associated factor, has also been reported to reduce the ability of RNA polymerase I to initiate and thus regulate transcription from the rDNA promoter (Mahajan and Thompson, 1990; Schnapp et al., 1990; Brun et al., 1994) .
We found that TFIC activity is not signi®cantly altered with con¯uence-induced cell cycle arrest in 3T6 cells. This would appear to contradict reports demonstrating a reduction in TFIC activity when Ehrlich ascites tumor cells are grown to con¯uence (reviewed in Paule, 1994; Moss and Stefanovsky, 1995) . However, the biology of the two systems is quite dierent. For example, the 3T6 cells are immortal but not transformed, and their growth is subject to contact inhibition (Alberts et al., 1994) . On the other hand, Ehrlich ascites tumor cells are transformed and not subject to contact inhibition, thus they become stationary when their medium can no longer support cell division, i.e. they are serum or growth factor deprived rather than contact inhibited. Indeed, in agreement with previous ®ndings (reviewed in Paule, 1994; Moss and Stefanovsky, 1995) , we demonstrated that TFIC activity in extracts of serum-deprived 3T6 cells is signi®cantly reduced when compared to exponentially growing cells.
Studies with neonatal cardiomyocytes have noted signi®cant changes in UBF content and phosphorylation with alterations in rDNA transcription (Hannan et al., , 1996b Luyken et al., 1995) . Interestingly, we did not observe changes in the cellular content or phosphorylation state of UBF during cell con¯uence-mediated decrease in rDNA transcription. The phosphorylation data is not that unexpected since Voit et al. (1999) demonstrated that cdks phosphorylate and activate UBF. With cell con¯uence the activity level of the cdks would decrease so if anything we would have expected a decrease in UBF phosphorylation suggesting that cdks are not the only phosphorylation kinases for UBF. These results serve to further demonstrate that the regulation of rDNA transcription does not occur via a similar mechanism in all cells, but re¯ects both the cell type as well as the physiological stimulus. Hanada et al. (1996) reported that the association of a polymerase associated factor, PAF53, with RNA polymerase I correlates with the fraction of the enzyme engaged in rDNA transcription. Our results suggest that PAF53 might also be involved in regulating rDNA transcription during cell cycle arrest. We report here that the content of PAF53 decreased 38% when cells reach 100% con¯uence. However, the magnitude of this change would appear to be insucient to account for the 80% decrease in rDNA transcription at that time.
Our results are consistent with the hypothesis that the association between UBF and Rb mediates the reduction in rDNA transcription in 3T6 cells upon con¯uence-induced cell cycle arrest. A number of possible mechanisms can be envisaged through which the association of Rb with UBF might mediate reduced rates of rDNA transcription. Rb might inhibit the ability of UBF to bind to the rDNA promoter (Voit et al., 1997) , or the ability of UBF to interact with coactivators or core components of the rDNA transcription apparatus, e.g. SL-1 or RNA polymerase I (Schnapp et al., 1994; Cavanaugh et al., 1995; Hempel et al., 1996) . Two recent studies have demonstrated that UBF interacts with the SL-1 transcription factor complex (Beckmann et al., 1995; Hempel et al., 1996) , and we have obtained data suggesting that active Rb can block the formation of a UBF/SL-1 complex (Hannan et al., 1999a) .
Interestingly a recent publication utilizing a reconstituted cell-free transcription system demonstrated that SL-1 can be inactivated by cdc2/cyclin B directed phosphorylation at mitosis and thus reduce rDNA transcription (Heix et al., 1998) . It is unlikely that this mechanism could account for the decreased rate of rDNA transcription observed reported here, as the cellular content of cyclin B also decreases as cell density increases. These results further emphasize that there are multiple mechanisms that cells may use to regulate rDNA transcription.
In conclusion, the results of the present study support a model wherein two, or possibly more, mechanisms are working in concert to down-regulate rDNA transcription as 3T6 cells withdraw from the cell cycle. These mechanisms include: (1) altering the content of PAF53; and (2) altering the association between Rb and UBF. These results emphasize the complexity utilized by cells to ®ne tune the regulation of rDNA transcription under dierent conditions. Further studies on the mechanism through which Rb modi®es UBF-dependent transcription should provide us with important new insights into the basic mechanisms linking the progression of the cell cycle with the regulation of rDNA transcription and protein synthesis.
Materials and methods
3T6 Cell culture
Monolayer cultures of 3T6 cells (ATCC CCL-96) and WI 38 cells (ATCC CCL-75) were maintained at 378C in 5% CO 2 atmosphere in Dulbecco's modi®ed Eagle's medium containing 10% fetal bovine serum. The cells were plated on 100620 mm tissue culture dishes at 0.25610 6 cells/dish. For uorescein-activated cell sorting analysis, cells were harvested by trypsinization and washed in PBS. The cells were then suspended in 0.5 ml PBS/plate, and ®xed by the addition of 7.5 ml of ethanol. After 1 ± 2 h at 48C, the cells were pelleted by centrifugation, washed with 1% FBS-PBS, and resuspended in 1% FBS-PBS containing propidium iodide (10 mg/ ml) and RNaseA (0.25 mg/ml). FACS analysis was carried out on a Becton Dickinson FACScan analyzer. Twenty-®ve thousand events were modeled for each assay, and debris was less than 0.1%.
Isolation of nuclei
3T6 cells were released from the plates by treatment with trypsin-EDTA. They were washed once with ice-cold PBS, and the cell number was determined. Trypsinized cells were incubated on ice for 10 min in 4 ml of nuclear isolation buer (10 mM Tris HCl, pH 7.4, 10 mM NaCl, 10 mM MgCl 2 , 0.5% NP-40). Nuclei were collected by centrifugation at 1000 g for 5 min and resuspended in 200 ml of nuclear storage buer (50 mM Tris pH 8.3, 40% glycerol, 5 mM MgCl 2 , 0.1 mM EDTA), frozen in liquid nitrogen, and stored at 7808C. A 20 ml aliquot was saved for the determination of DNA.
DNA determination
Twenty ml of isolated nuclei were diluted in 1 ml of 1xSCC, 0.25% SDS. DNA was quanti®ed using the¯uorometric Hoechst dye assay of Cesarone et al. (1979) with calf thymus DNA as the standard.
Western blot analysis
Samples were diluted in 26Laemmli sample buer, heated at 958C for 10 min, electrophoresed on 10% SDS ± PAGE, and then electroblotted onto Immobilon-P membranes (Millipore). The membranes were rinsed in PBS and blocked for 1 h in Buer A (PBS, 5% milk powder, and 0.1% Tween-20). The various proteins (cyclin A, cyclin E, cyclin D 3 , cyclin B 1 , PCNA, the b and b' subunit of RNA polymerase I, UBF, PAF53, and Rb) were detected following 1 h incubations with the appropriate antibody diluted in Buer A.
Rabbit, polyclonal antisera to cyclin A (H-432), cyclin E (M-20), and anti-cyclin D 3 (C-16) were obtained from Santa Cruz (Santa Cruz, CA, USA), as were monoclonal antibodies to cyclin B 1 (GNS1). Anti-human retinoblastoma protein was obtained from PharMingen (San Diego, CA, USA). Polyclonal rabbit antisera to the b (RPA114) and b' (RPA194) subunits of RNA polymerase I, PAF53 and UBF were raised against recombinant proteins. The anti-PAF53 antiserum used in the initial experiments was generously provided by Dr Masami Muramatsu, Saitama, Japan. The monoclonal antibodies were used as recommended by the suppliers. The polyclonal sera were diluted 1 : 10 000 in Buer A, as described previously (Hannan et al., 1996b) . The membranes were then washed 3610 min with Buer A and exposed for 1 h to either goat anti-mouse or goat anti-rabbit IgG conjugated to horseradish-peroxidase (1 : 2000, Sigma) in Buer A. After 3610 min rinses in PBS plus 0.1% Tween 20, the antigens were visualized by the Enhanced Chemiluminescent (ECL) method (Amersham). Western blots were quantitated by laser densitometry (Molecular Dynamics). Molecular sizes were veri®ed by comparison with the migration of standard protein markers (Bio-Rad).
Nuclear run-on transcription assay
The synthesis and isolation of de novo synthesized RNA was carried out as described (Glibetic et al., 1995) using equivalent amounts of nuclei (DNA) per time point. The isolated RNA was resuspended in 100 ml of TE (100 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0) and unincorporated nucleotides were removed by centrifugation through STE Select-G(RF) columns (5 ± 3 prime). To control for recovery of the in vitro transcribed RNA, 3 H-labeled actin RNA was added prior to extraction and puri®cation, and the amount of [ 3 H] recovered was quantitated by liquid scintillation spectrometry.
Transcription from the rDNA promoter in isolated 3T6 cell nuclei was measured by the hybridization of in vitro synthesized 32 P-labeled run-on transcripts to blots containing immobilized (Zetaprobe nylon membrane) fragments of the mouse rDNA repeat (7168 to +292 with respect to the transcription initiation site), the GAPDH coding region, or bluescript as a control. The ®lters were hybridized and washed as described previously (Hannan et al., 1993) . Radioactive hybrids were detected and quantitated using a Molecular Dynamics PhosphorImager.
In vitro transcription and TFIC assays S100 extracts were isolated as described (Mahajan and Thompson, 1990) . The S100 extracts used as the basis for the TFIC assay were isolated from lymphosarcoma P1798 cells treated with dexamethasone for 24 h (Mahajan and Thompson, 1990) . This treatment inactivates TFIC, and does not aect other components of the rDNA transcription apparatus (Mahajan and Thompson, 1990; Paule, 1994) . The S100 extracts from either exponentially growing, serum starved for 72 h, or con¯uent 3T6 cells were heated for 15 min at 458C. [n.b. This treatment does not inactivate TFIC, but does inactivate other components of the rDNA transcription apparatus, such as RNA polymerase I.] The heat-treated extracts (110 mg extract per assay) were then mixed with a S100 extract from dexamethasone treated P1798 cells (S100Dex) and the combined extracts were assayed for the ability to accurately initiate transcription from the rat rDNA promoter as described (Mahajan and Thompson, 1990) . The radioactive products of the in vitro transcription reactions were separated by denaturing electrophoresis, and the gel was dried and exposed to the Molecular Dynamics PhosphorImager. The degree to which speci®c transcription in the S100Dex extract was restored by the heat-treated extract re¯ects the TFIC activity in the heat-treated extract.
Phosphorylation studies
Monolayer cultures of 3T6 cells at 13 and 100% con¯uence were prelabeled with 32 P-orthophosphate (1 mCi per 100 mm dish) in DMEM minus phosphate medium for 6 h, after which time the cells were washed with PBS and scraped directly into 1 ml of modi®ed RIPA buer . Measurement of UBF phosphorylation was carried out by immunoprecipitation of 32 P-orthophosphate-labeled UBF from whole cell extracts as described previously .
Immunolocalization
Immunolocalization was determined by staining WI 38 cells with monoclonal antibodies directed against Rb (G3-245, PharMingen) and goat anti-mouse IgG conjugated to Texas red or a polyclonal rabbit anti-UBF antibody and goat antirabbit IgG conjugated to¯uorescein. Optical sections were obtained using the CELLscan System (Scanalytics, Billerica, MA, USA) equipped with a CCD camera, piezoelectric focus device, and computer-controlled excitation shutter. Deconvolution images were merged from approximately 10 ± 15 single sections through the cell nucleus. Images were thresholded and re¯ect where the proteins concentrate within the nucleus. Control experiments were performed with the anti-Rb antibody to ensure that the staining observed depended on the presence of Rb. No staining was observed in either SAOS-2 cells or 3T3 mouse cells deleted for Rb (not shown).
Co-immunoprecipitation
Nuclear extracts were prepared from 3T6 cells essentially as described (Haglund and Rothblum, 1987) . Following the ®nal dialysis, aliquots of the extracts were quick frozen in dry ice/ ethanol and stored at 7808C. All steps of the coprecipitation experiments were performed at 48C. Nuclear extracts of 3T6 cells (1.5 mg of protein) were diluted with nuclear storage solution to 100 ml, and then with Buer C/0 (20 mM HEPES, pH 7.9, 100 mM KCl, 5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 100 mM Pefabloc, 100 ml/ml aprotinin, 100 mM benzamidine and 10 mM leupeptin) to a ®nal volume of 200 ml.
With antisera The extracts were precleared by incubation for 30 min with protein A-agarose beads while gently tumbling. The beads were prewashed with Buer C/10 (C/0 plus 10% glycerol) plus 0.02% NP-40 (Sigma). The beads were removed by centrifugation for 5 s, and the precleared extract (200 ml) was added to 50 ml (packed volume) of washed protein A-agarose beads that had been incubated overnight with an anti-UBF antiserum. The mixture was tumbled for 4 h, and the beads were washed three times with Buer C/10 plus 0.02% NP40. The beads were then resuspended in 50 ml of 26Laemmli sample buer and incubated at 958C for 10 min.
With anity puri®ed antibody Anity puri®ed IgG (0.1 to 1 mg) was incubated with 150 ± 500 ml of the appropriate extract for 2 h. The mixture was incubated with 25 ml of washed protein-A agarose beads and rotated for an additional 2 h. The beads were washed three times with 300 ml of ECB buer containing 0.1% NP-40 and then resuspended in 60 ml of 26Laemmli sample buer. The antibodies used immunoprecipitated hypophosphorylated Rb (cat#14441A, Pharmagin) and hyperphosphorylated RB (anti-p-Rb(Ser750), cat#555, Medical and Biol Labs).
In both cases the immunoprecipitated proteins were resolved on SDS ± PAGE and transferred to Immobilon-P for Western blot analysis.
Transfections and CAT assays After 2 days in culture (30% con¯uence), 3T6 cells were co-transfected with either pSMECAT, a wild-type rDNA promoter reporter, or pSMECAT-7, an inactive reporter containing a G to A substitution at 77 (Hannan et al., 1996a) , a vector for driving the expression of rat UBF1, pCDNA3UBF1 (Hannan et al., 1996a) , and varying concentrations of a vector that drives the expression of wild-type mouse Rb, pmRb (Robbins et al., 1990) . All transfections were carried out using lipofectamine. DNA was held constant (4 mg) by including varying amounts of pCDNA3. pCMV-bGal (1 mg) was included as an internal standard for the eciency of transfection. Five hours after transfection the culture medium was replaced with fresh DMEM plus 10% FBS. Twenty-four hours later the cells were harvested. Lysates were prepared, frozen at 7808C, and assayed for either chloramphenicol acetyltransferase (CAT) or b-galactosidase activity as described (Ausubel et al., 1993) . The results of the CAT assays were normalized with respect to b-galactosidase activity to correct for variations in the eciency of transfection. Abbreviations PAF53, polymerase associated factor 53; PBS, phosphatebuered saline; Rb, retinoblastoma susceptibility gene product; rDNA, ribosomal DNA; rRNA, ribosomal RNA; SL-1, selectivity factor 1; TFIC, transcription factor 1C; UBF, upstream binding factor.
